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Abstract

The bioremediation of heavy metal pollution assisted by arbuscular mycorrhizal fungi (AMF)
is one of the new natural approaches to enhance water treatment, moreover, the effect of
the AMF in the removal of metals from wastewater has been widely studied. However, the
influence of different ratios of N:P on the effectiveness of this removal has not been much
evaluated even knowing that agricultural or industrial usage of compounds of nitrogen and
phosphorus is growing with the increase of economic activities.

The purpose of this thesis is to assess the effect of AMF on the treatment of heavy metal
under different N:P ratios in constructed wetlands (CWSs). The experimental setup consisted
of 12 different CWs made out of PVC pipes that worked as subsurface vertical flow CW,
vegetated with Iris Pseudacorus and the AMF was Rhizophagus irregularis. From these
experimental systems, there were treatments with and without the presence of AMF, with
and without heavy metal pollution and three different N:P ratios (1:1, 1:5 and 1:10).

Water samples were taken for further analysis of pH, Rh, NHs*, Total Organic Carbon
(TOC), Total Nitrogen (TN), PO.3, NO2, NOs’, copper (Cu) and lead (Pb) every five days
starting from September 16™ to November 15", 2020 Furthermore, samples from plant
roots, shoots and stems were taken to analyze AMF colonization and heavy metal
distribution in the systems.

The results showed that the highest intensity of AMF colonization with 26.8% is from the
system M_P1 HM corresponding to the system with mycorrhiza presence under a N:P ratio
of 1:1 and treated with heavy metal polluted water, the intensity was decreasing when the
N:P ratio was changing to 1:5 and 1:10. Regarding the metal distribution in the experimental
CW, the concentrations were analyzed in the laboratory for each part (substrate, plant roots,
shoots and water). The highest concentration was found in the roots for both Cu and Pb,
and the concentrations were decreasing with the increase of N:P ratio.

The heavy metal removal efficiency was also assessed and the results were that the
impressive efficiencies of more than 95% in all the systems were possible to the complex
reactions between different aspects of the SSVF CW such as soil, plants and microbiota.
The presence of the AMF had a positive influence on the difference of these efficiencies and
it was related also to the different N:P ratios and their effect on AMF colonization.

Key words: Constructed wetlands, AMF, N:P ratios, heavy metals, water pollution, IRIS.
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Introduction

Modern life and its economic activities produced various byproducts or residues that are
affecting the environment. Sectors such as industry and mining have dangerous wastes
containing metals that are toxic or carcinogenic, also these pollutant particles are being
transported to water sources and soils creating toxic environments full of acidity.

From soil and water, these pollutant particles are introduced into the food chain where
animals and humans are vulnerable to develop carcinogenic diseases or organ malfunctions
due to the presence of these particles in the body.

As an environmentally efficient way to reduce this risk and to be able to treat wastewater
from these industries, the constructed wetlands have grown as an option that through
phytoremediation or phytostabilization could remove the pollutant particles from the water
due to chemical and microbiological processes that are carried out in these artificial
environments (Najeeb et al., 2017). These constructed wetlands are special flooded
systems where vegetation, soil and microorganism associations aid the treatment of waters,
replicating the natural processes but in controlled conditions to focus on specific
components extraction (Vymazal, 2014).

Arbuscular mycorrhizal fungi (AMF) is a fungus that creates a symbiotic relationship with the
plants helping them to uptake nutrients in a much more efficient way to enhance the uptake
of these pollutants. AMF can improve the resistance of the plants and help them to keep
these metals in their biomass (XU et al., 2016). Controlling the conditions and with proper
design and operational techniques, it is possible to decrease the harmfulness of polluted
waters and places in order to recover them for future use of these resources.

In this study, the idea is to analyze the influence of arbuscular mycorrhizal fungi (AMF) in
the extraction of metals such as lead and copper from wastewater under different ratios of
N:P and its effect. This research was developed to explore its possibilities in the treatment
of industrial or mining wastewaters.

1. Objectives

e Toassess the effect of arbuscular mycorrhizal fungi on the treatment of heavy metals
under different N:P ratios in constructed wetlands

e To evaluate the effect of AMF in the treatment of heavy metal in constructed wetlands

e To analyze the influence of different N:P ratios in the treatment of heavy metal in
constructed wetlands

10
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2. Literature review

2.1 Metal pollution in wastewater

Metal pollution in water is one of the biggest concerns because they can enter the food chain
of aquatic ecosystems or get deposited in soil (Censi et al., 2006). The presence of Cu and
Pb metals affects aquatic habitats greatly because they have severe effects of toxicity on
living organisms. There are two main ways of how metals reach the water or pollute water
sources: first the natural processes of chemical and physical weathering of rocks or several
plant processes (Gacia et al., 2020), the second consist of anthropogenic activities such as
the burning of fossil fuels, batteries production, smelting, mining and more (Ahmed et al.,
2021).

The metals usually get deposited heavily in sediments through adsorption and other
chemical reactions such as precipitation, diffusion or biochemical processes, and depending
on the properties of the sediments, these pollutant particles could be present in the water
column (Pandiyan et al., 2020). The heavy metal concentrations can fluctuate depending on
the source of the wastewaters, for copper (Cu), the daily average concentrations from
industrial wastewater is 400-1500 ug/L and mine drainage concentrations of Cu can range
from 10-50 pg/L as average monthly. The concentrations of lead (Pb) from industrial
wastewater can reach 1560 ug/L and it can range from 2 to 6 ug/L for mining drainage
(Galletti et al., 2010).

Cu is a very common metal that is present in most living beings as a primary constituent of
cytochrome oxidase, which is a respiratory enzyme. In humans, traces of Cu are present in
the bones, liver, and muscles (Al-Fartusie & Mohssan, 2017). Wastewater polluted with Cu
can be the result of the production of metal, electrical appliances, fungicides, pesticides, and
other products that are often transported to bigger water sources. The consequence of this
Cu pollution in water is that animals can absorb Cu when feeding or drinking from
contaminated water and soil and this leads to poor health due to damaged kidneys, liver,
and affections to the nervous system (Kondzior & Butarewicz, 2018).

Pb is one of the most abundant metals on the planet, in water under usual conditions it
doesn’t react however when it has contact with air the reactivity of Pb increases because a
small layer of lead oxide (PbO) is formed in the surface of this metal (Habte et al., 2020).
The presence of Pb in water is caused by anthropogenic activities such as the burning of
fossil fuels where it binds to different oxides in the air and eventually, these fall in the form
of precipitation into the water and soil, also the mining activities, accidental leaks, and spills,
old water piping lines, improper disposal of batteries and smelting can be sources of this
metal in water (Tiwari & Tripathi, 2012).

Pb often binds to sulphide (S?), or phosphate (PO.*). In these forms, Pb is insoluble and is
present as immobile compounds in the environment. Pb compounds are generally soluble
in soft and slightly acidic water (Wilson et al., 2015). The environmental consequences or
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effects of lead are an important issue due to the toxicity of its compounds. Pb compounds
such as lead carbonate, lead nitrate, and lead oxide can limit plant chlorophyll synthesis
even in plants with resistance to lead, also, high concentrations can impact negatively on
plant growth (Victoria et al., 2008). Due to the uptake of Pb from plants this compound can
enter into the food chain carrying dangers to animals and humans.

For humans, the effects of lead poisoning are teratogenic or neurological because it causes
necrosis of neurons, it has also a carcinogenic effect, and the interaction of lead and free
sulfhydryl groups of proteins generates the deactivations of some enzymes (Farooq et al.,
2008).

There are several available methods to remove these pollutant and harmful particles such
as: complex fibers as a filtrating matrix like polyacrylic acid materials (Esfahani et al., 2020),
the use of hydrochar is also another possible option obtained from biomass as rice straw
carbonized (Nadarajah et al., 2021), also other from the non-traditional techniques is the
application of porous aerogels as adsorbent (Hasanpour & Hatami, 2020).

These methods are highly efficient but they are difficult to implement as a proper system of
extraction of metals from water due to their price and availability of materials, that is why
systems of constructed wetlands are considered a reliable option because they are a low
price treatment system that can be highly efficient if designed, constructed and operated
properly, also, it can have recreational attributes or landscape properties, moreover these
constructed wetlands perform a sustainable treatment method that reduces the impact in
the downstream water sources (Parde et al., 2020).

2.2. Constructed wetlands

Constructed wetlands (CW) are wetlands created after a process of design and construction
to control and optimize natural processes in order to develop water treatments specialized
to treat different types of wastewater (Wang et al., 2020). These systems have proven to be
efficient not only in the treatment but in the economical and sustainability aspects and they
can differ depending on their hydrology and flow path and being classified on subsurface
flow wetlands, surface wetlands and hybrid constructed wetlands (Fan et al., 2021).

All wetlands, natural or constructed with freshwater or salt have one characteristic in
common that is the presence of a surface or near-surface water, at least intermittently. In
the majority of wetlands the hydrological conditions allow the substrate to be saturated long
enough during the growing season to create oxygen-poor conditions in the substrate
(DuPoldt et al., 1996). The lack of oxygen creates a reduction (oxygen-poor) conditions
within the substrate and limits the vegetation to those species that are adapted to low-
oxygen environments (DuPoldt et al., 1996).

A constructed wetland (CW) comprises a correctly designed basin that contains water,
substrate, and most commonly, vascular plants (Mihelcic, 2018), these components can be
manipulated in the design and construction of a wetland, other important components of

12
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wetlands, such as the communities of microbes and aquatic invertebrates can develop in
these ecosystems (Hoffmann et al., 2011).

CWs are used for primary and secondary treatment to treat wastewater of domestic origin,
agricultural wastewater, coal drainage wastewater, petroleum refineries wastewater, landfill
leachates, compost, and many other polluted water (Parde et al., 2020).

2.2.1. Types of constructed wetlands

CWs used as wastewater treatment could be classified according to the life form of the
macrophyte that dominates the systems, or into systems with floating-leaved, free-floating,
rooted emergent, and submerged macrophytes. The further classification could be made
according to the wetland water movement, subsurface systems or free water surface.
Subsurface flow CWs could be classified according to the direction in which water flows
(horizontal and vertical) (Vymazal, 2010).

Different types of CW may be combined to achieve a higher treatment effect, especially for
nitrogen. Hybrid CW systems include most frequently vertical flow and horizontal flow
systems arranged in sections or stages but, in general, all types of constructed wetlands
could be adapted and combined to focus on specific parameters achieving more complex
treatment processes with high efficiency (Vymazal, 2005).

2.2.2. Free Water Surface Constructed Wetlands

Free water surface constructed wetland is a natural water remediation system that is
commonly used in non-point source control of pollution in which wastewater flows over the
surface. This type of CW are useful for flood prevention and also help to control shoreline
erosion along with the improvement of wastewater quality (Farooqi et al., 2008). A wide
variety of vegetation can be applied in the free water surface CW as emergent plants (Typha,
Scirpus, Phragmites), submerged plants (Elodea, Potamogeon), and floating plants
(Eichornia, Lemna) (Parde et al, 2020).

Plants in these systems are not harvested frequently, hence the litter supplies organic
carbon used for denitrification which may happen in anaerobic parts within the litter layer
(Vymazal, 2010).

13
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Figure 1: Free water surface constructed wetland
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2.2.3. Horizontal subsurface flow constructed wetlands

In this type of wetland the wastewater flows horizontally in the bed of the CW, this
wastewater goes under aerobic and anaerobic conditions being the aerobic conditions
produced in the root zone and the anaerobic conditions degrade the organic matter (Boyd,
2006). Aerobic and anaerobic processes performed by bacteria attached to plant
underground organs (i.e. roots and rhizomes) and media surface degrade the organic
compounds, the removal of organic compounds is generally very high in Horizontal
subsurface flow CWs (Vymazal, 2005).

This type of constructed wetland is recommended for warm climates, but it can be designed
to stand some colder environments and periods of low microbiological activity. However, if
the outflow water is going to be reused, the system can face losses due to high
evapotranspiration rates depending on the climate (Khan et al., 2020).

In a study on the removal of metals conducted by Vymazal (2006) was found that this type
of system proved to be able to remove different elements with efficiencies such as Al
(>98.9%), Zn (94.1%), and Cr (>92.8%), Cu (>75%), Pb (>73%), Ni (55.7%).

14
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Figure 2: Horizontal subsurface flow constructed wetland
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2.2.4. Vertical subsurface flow constructed wetlands

The constructed wetlands with a vertical subsurface flow are characterized because they
have the capability to nitrify and they have a good oxygen transmission because the water
flows vertically being filtrated between sand or gravel (Vymazal, 2014).

VF CWs are fed in an intermittent way with a large charge thus flooding the surface. The
wastewater then percolates gradually down through the substrate and is collected by a
drainage network at the bottom. The bottom or the bed drains completely giving space and
allowing air to refill the bed. This kind of dosing leads to good oxygen transfer and hence
the ability to nitrify (Jain et al., 2020).

VF CWs could remove heavy metals in wastewater. For example, Mustapha et al (2017)
found Cyperus alternifolius, Typha latifolia, and Cynodon dactylon all can remove Cu, Zn,
Pb, Fe, Cd, and Cr from the refinery wastewater in VF CWs, but the one planted with T.
latifolia had the best heavy metal removing results. In other experiments carried out by Lee
& Scholz (2006) showed that metals such as Cu and Ni were significantly removed from the
water showing the efficiency of the vertical subsurface flow constructed wetlands.
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Figure 3: Vertical subsurface flow constructed wetland

wetland plants (macrophytes)

Source: Compendium of Sanitation Systems and Technologies. 2nd Revised Edition

2.3. N and P removal in CW

Studies such as the one performed by Zeng et al. (2020) provide an understanding of the
importance of different factors that affect the effectiveness of the constructed wetland on the
removal of specific compounds. The difference in the construction of wetlands leads to
different physicochemical conditions that will change the metabolic pathways of microbes
and will also change the intensity of the reactions (Bernardes et al., 2019).

The interaction between microorganisms and their cooperation or competition in the
environment leads to the degradation and conversion of nutrients involving fungi and
bacteria creating a complex interaction network (Yang et al., 2020). This bacteria-algae-
fungus interaction can achieve the removal of different compounds such as NH4, TN and
PO.* (Sun et al., 2020). The heterotrophic bacteria as a source of carbon, use organics for
the removal of N and P because Nitrite nitrogen (NO2) is used as an electron acceptor by
denitrifying phosphorus accumulating organisms (DPAO) (Zhimiao et al., 2016). The
interaction of different types of bacteria such as the nitrite-oxidizing bacteria and the
ammonia-oxidizing bacteria cooperates to remove Nitrogen in CW (Hu et al., 2019).

One of the main problems or issues in wastewater treatment is the avoidance of the
consideration on the relationship between P removal and N. Some systems that involve
organics degradation, denitrification, nitrification and other microbial activities take into
account the interaction of biochemical reactions and how they affect the distribution of P
(Chang et al., 2012). Studies such as the one performed by Zhimiao et al. (2016) aim to
improve phosphorus removal under different N:P ratios and different compounds as PO.,
POz and P07, based on the performance of nitrogen removal.
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2.4. Cu and Pb removal in CW

Plant and animals require micronutrients that help with their growth but these nutrients are
present in very small amounts. Some of these nutrients are copper, zinc, selenium and
others but in higher concentrations they can be toxic. And other metals such as cadmium,
lead and mercury are toxic even in small concentrations and they are usually found in
industrial wastewater.

There are different methods of removal of metals in constructed wetlands and they are plant
uptake, soil adsorption and precipitation. The rate of contaminants uptaken by plants
depends on the type of plant and metal of interest because some plant species are capable
of storing large amounts of metals in their roots and biomass. Duckweed is a great example
of a plant that can store large amounts of metals such as copper and cadmium. When the
metals pass close to the root structure they tend to accumulate there instead of being
absorbed by the plant (Norton, 2003).

The soils of wetlands also can retain or trap pollutant particles including, lead, cadmium,
copper, nickel and more. These metals can form insoluble compounds after interacting with
sulfides in anaerobic environments in the soils of the constructed wetlands minimizing the
resolubilization of these metals in also anaerobic conditions (Huang et al., 2017).

Metals such as copper, lead, chromium, and zinc form strong chemical complexes with
organic material present in soil and water through a process called chemisorption, and
copper can be bound to clays and oxides that will settle out (Yeh, 2008).

2.5. Arbuscular Mycorrhizal Fungi (AMF)

An arbuscular mycorrhiza is a close mutualistic relationship between diverse plant species
and a small group of soil fungi that develops in root systems. The association permits the
exchange of mineral nutrients provided by the fungi and carbohydrates provided by the
plant, increasing the host plant's tolerance to different stress factors of biotic and abiotic
sources (Riaz et al., 2021).

Mycorrhizas are usually classified around the world into arbuscular mycorrhizas,
ectomycorrhizal, ericoid mycorrhizas , and orchid mycorrhiza. Arbuscular mycorrhizal fungi
(AMF) form symbiotic relationships with more than 80% of vascular plants cultivated
(French, 2017). This mycorrhizal association with plants helps to perform a major role in
natural ecosystems by colonizing plant roots intracellularly (Zhan et al., 2019) and depend
on the host throughout their life cycle for food.

As one of the most ancient and important groups of symbionts with plants , AMF provides
phosphorus (P) and other nutrients of mineral origin, , to plants in exchange for
photosynthetically fixed carbon (C) (Bao et al., 2019). Plants transfer 10-30% of their
photosynthetic products, about 5 billion tons of C per year, to fungal symbiont (Bago et al.,
2000), and receive up to 90% of the mineral nutrients (especially P) from AMF (Smith &
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Smith, 2011). Therefore, global C and P cycling get significantly benefited by AM symbiosis
contribution.

The AMF and plant roots association denotes one of the most common and significant
symbiotic relationships in nature. In broad terms, the relationship is usually mutualistic and
involves bidirectional transfers of fixed organic carbon from the plant and soil-derived
nutrients from the fungi (Jones & Smith, 2004).

Extraradical mycelium extends outside the plant, for meters and have important roles in
nutrient (nitrogen, zinc , and phosphorous in particular) uptake and translocation to the
intraradical structures. Extraradical mycelia also play a role in foraging for new carbon
sources and hence may associate with plants from the same or different species, forming
an underground highway (Amalero et al., 2003).

Arbuscular mycorrhizal fungi has an impact in the transport and distribution of organic
pollutants within plants (Ruytinx et al., 2020), seemingly reducing these concentrations in
shoots of colonized plants, while increasing their concentrations in root system, especially
in the rhizodermis (Huang et al., 2007).

AMF may have a lot of positive effects on host plants, for example, it may improve plant
growth by increasing nutrients such as nitrogen and phosphorus (Zhang et al., 2020). AMF
might improve the photosynthesis process (Zhang et al. 2020). It may improve the heavy
metals, salinity, drought tolerance of plants (Wezowicz et al., 2015). AMF may decrease the
damage caused by environmental stress through decreasing lipid peroxidation and
increasing antioxidant enzymes (Zhang et al., 2010). It could affect the transportation and
distribution of pollutants in plants (Schneider et al., 2013). In addition, it may improve the
microbial activity of the host rhizosphere, the stability and diversity of the plant community
(XU et al., 2016).

2.5.1. Factors affecting the application of AMF in CW

The prominent effect of AMF on plant development under various stress conditions,
including salinity and drought in terrestrial environments, and their capacity to enhance
biodegradation of organic pollutants, also, the phytoremediation of inorganic ones, is well
recognized. However, in aquatic and wetland plants the diversity of AMF is still poorly
studied and recognized (Calheiros et al., 2019).

Both microorganisms, bacteria and fungi, play important roles in the assimilation,
transformation, and recycling of chemical constituents present in various wastewaters. In
addition, mycorrhizae increase the rates and efficiency of the host plant for the absorption
of nutrients from the water, soil , and air (Kadlec & Wallace, 2009).

There is a hypothesis that reduced environments with low oxygen levels might limit the
survival of AMF in the roots of plants (Cooke et al, 2018). Nonetheless, Fester (2013)
showed the ability of AMF to colonize roots of Phragmites Australis inhabiting a CW,
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implemented for the phytoremediation of groundwater contaminated with benzene, methyl
tert-butyl ether, and ammonia.

The alternation of drying-rewetting or intermittent operation can bring oxygen into wetlands,
which improved the growth, abundance, and diversity of AMF in wetland ecosystems shown
in studies performed by Li et al. (2011) and Shi et al. (2015). The growth of wetland plants
can be enhanced and previous studies showed that AMF colonization in continuously
flooding conditions was significantly lower than in intermittent flood conditions, such as
drying-rewetting cycles or fluctuating water depth (Hu et al., 2020).

2.6. Influence of N and P in wetlands vegetation
2.6.1. Nitrogen in wetland vegetation

Wetlands perform many important biogeochemical functions in watersheds. Among these
are transformation of inorganic nutrients to organic forms; nutrient storage, release and
removal, and sediment trapping . The N cycle in wetlands plays an important role in the
transport, storage, and biological availability of N in the surrounding watershed.

Inorganic forms of N (NHs * and NOs - ) are taken up by plants rooted in the soil or floating
in the water (including algae). Dead plant matter as leaves or stems fall down from the living
plants and collects at the surface of the soil to form a litter layer, also known as detritus
(Debusk, 1999).

Denitrification, is a process performed by microorganisms in which nitrate (NO3) is constantly
removed from ecosystems to the atmosphere as inert dinitrogen gas (N2), can help to reduce
and mitigate the effects of mineralized-nitrogen pollution. Wetland beds or sediments are
predominantly important places where denitrification is performed because their anaerobic
conditions favors the complete reduction of mineralized nitrogen to N2 gas while decreasing
the release of the intermediate product, NO2, a powerful greenhouse gas (Alldred & Baines,
2016).

In quite a few cases has been demonstrated that plants are able control denitrification
dynamics in sediment bed by competing for nitrate thus providing organic carbon and
introducing oxygen by diffusion from roots. Plant communities can have a major effect on
sediment microbial processes including denitrification. Plants vary in unique and functional
features that might influence denitrification producing changes in the composition of plant
communities, altering denitrification (Alldred & Baines, 2016).

2.6.2. Phosphorus in wetland vegetation

Phosphorus (P) is one of the major nutrient-limiting in many freshwater ecosystems.
Wetlands are not only capable of accumulate nutrients but also alter them from biologically
available forms into non-available forms and vice versa (Jakubaszek, 2020).
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Retention can be considered as the ability of wetlands and streams to remove P from the
water column through chemical, physical, and biological processes in order to retain it in a
form that is not ready to be released under normal conditions. Retention of nutrients at
wetland interfaces decreases the load to downstream aquatic systems. Dissolved inorganic
P is considered bioavailable, whereas organic and particulate P forms generally must
transform inorganic forms before being considered bioavailable (Reddy et al., 1999).

In wetlands, vegetation has an important role in P assimilation and storage and it depends
on the vegetative type and growth characteristics. Mostly floating and emergent macrophyte
roots are not in direct contact with the P transported in the stream but the submerged
vegetation having a limited storage capacity can alter the physicochemical properties in the
water resulting in the precipitation of Phosphorus (Reddy et al., 1999).

Emergent plants are rooted in soil, and the majority of their P requirements are usually met
from soil porewater P. For example, Walton et al., (2020) found surface roots of Typha to be
responsible for removal of added P, but there was no evidence of direct absorption from the
water column.

2.7. Influence of AMF in metal removal from wastewater

The presence of AMF in constructed wetlands depends on many factors such as N and P
amounts, organics, dissolved oxygen and more (Calheiros et al., 2019). The assumption
that in low oxygen environments the AMF colonization survival is threatened by these
conditions, but Fester (2013) found and demonstrated the ability of AMF to colonize the root
parts of vegetation such as Phragmites Australis, present in a constructed wetland created
for the phytoremediation of groundwater contaminated with organic compounds. AMF
colonization was highly dependent on the solid substrate due to the lack of AMF in free-
floating plants (Calheiros et al., 2019). The AMF colonization plus bacteria play an important
role in the removal of metals from water but there is no much information about the
mechanisms used by the AMF to improve metal removal in constructed wetlands (Xu et al.,
2018). However, an important study performed by Hu et al. (2020) demonstrated the
benefits and methods that AMF colonization uses to enhance the removal of metals from
wastewater such as enhancing host plants resistance to different stresses provided by
abiotic parameters, increases the activity of antioxidant enzymes as Catalase, Peroxidase,
superoxide dismutase, also, AMF enhances photosynthesis and works for better uptake of
nutrients, also, decrease the accumulation ox reactive oxygen species (ROS).
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3. Methodology

3.1 Experimental setup

This study was performed using 12 lab-scale vertical subsurface flow CWs. The
experimental set-up consists of PVC pipes, substrate, and a water outlet. These 12 vertical
subsurface flow CW (SSVF CW) were established with the dimensions of each system is
15x 55 cm (diameter x height). Each CW was filled with 15 cm gravel (4-5 cm) and 30 cm of
sand as substrate inoculated with mycorrhiza fungi. In terms of vegetation for the
experiment, Iris Pseudacorus was selected as the wetland plant and the AMF inoculum was
Rhizophagus irregularis.

The influencing factors of this study are: 1) presence of AMF (with AMF, without AMF), 2)
heavy metal presence (with, without), 3) N:P ratios (1:1, 1:5, 1:10). Hence 12 different
treatments will be set. Inlet water of CWs will simulate municipal sewage fed into each CW
and the hydraulic retention time was 5 days.

These lab-scale SSVF CW in the bottom have a watertight cap, the top is exposed to allow
plant growth and it is the way to introduce the simulated sewage water into the systems.
Due to this opening in the top, the experimental set-up had to be covered by a roof to protect
it from rainwater or any other external influencing parameters.

The beginning of the experiment consisted of the set-up of these experimental reactors and
then waiting for the plants (. Pseudacorus) to grow or show signs of proper adaptation to
this environment plus the development of the symbiotic relationship with the AMF. Then the
plants were watered with a nutrient solution that represents sewage water. The amount of
wastewater introduced to the system was 1.5 L in each system. Then the data recollection
started and it consisted of getting different volumes available inside each system in plastic
bottles labeled for each one of the experimental systems. To recollect this outflow water first
each plastic container was washed with the water inside of each reactor to avoid the
possibility of contaminating the sample, then the samples were transported to laboratory for
further analysis.
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Table 1: Composition of simulated sewage water

CUSO4-5H20
Urea 104 Copper sulfate 0.01
pentahydrate
NH4C| FeSO4-7H,O
Ammonium 16 Iron(ll) Sulfate 0.45
Chloride Heptahydrate
MnSQO4-H20
CH3COONa-3H,0 Manganese
Sodium Acetate 255 sulfate 0.02
monohydrate
Pb(NO3). Lead(ll)
Peptone 20 nitrate 0.02
KH2PO4
Potassium HsBOs3
dihydrogen 4l Boric acid 0.04
phosphate
NazMOO4-2H20
Sodium
Yeast extract 132 Molybdate 0.02
Dihydrate
KCr(S04)2-12H,0
Chromium
Skim milk 59 Potassium 0.02
Sulfate
Dodecahydrate
NaHCOs3
Sodium 25
bicarbonate
MgSQO4-7H20
Magnesium
Sulfate 41
Heptahydrate
CaCI2-6H20
Calcium Chloride 28
Hexahydrate

Source: Author
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Figure 4: Small scale vertical subsurface flow constructed wetland experiment
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Source: Author

3.2. Sample analysis

3.2.1. AMF Colonization Assessment

This process starts with the root preparation where the roots were washed to remove any
soil particle and then they are cut into 1cm long segments.

The second step is the Trypan blue staining of total mycelium according to the Phillips and
Hayman, 1970 process. This step starts with clear roots in 10% (w/v) KOH for 1h 90°C in a
water bath or oven, another option is to put the samples for 15 min at 120° C in a pressure
cooker.

After this step the roots are rinsed with water three times on a fine sieve or using a mesh
and forceps, then the roots are covered with 2% (v/v) HCI for 5 minutes and after this time
passes the HCI is discarded and the roots are covered with 0.05% trypan blue in
lactoglycerol that consists in one part lactic acid, one part of glycerol and one part of water,
for 30 minutes at 90°C in an oven or even a water bath. The roots are then placed into a
Petri dish with the lactoglycerol mix for further analysis under the stereomicroscope.

For the estimation of Arbuscular Mycorrhizal Fungi, the test was based on the method of
Trouvelot et al, 1986. The root fragments, if possible 15 of them, are mounted into one slide.
The ideal procedure recommends having two slides with 30 root fragments in total.

The samples are then analyzed under the microscope and rated according to the range of
classes and the AM form. This range of classes provides a quick estimation of the level of
colonization of mycorrhiza on each root fragment and also provides information on the
abundance of arbuscular.

With this information, the usage of the software “Mycocale” allows the calculation of the
parameters %F frequency of mycorrhization that is calculated as the number of mycorrhiza
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fragments divided by the total number of fragments observed, %M is the intensity of
mycorrhization and this value shows the best grade of mycorrhization, %m represents the
Intensity of mycorrhization of mycorrhizae fragments, %a is the shrub intensity of the
mycorrhizae part and lastly the %A that is the shrub intensity in the root system.

3.2.2. Water, soil and plant sample analysis

For the water samples analysis, there are different parameters of interest such as pH, Rh,
NH,4*, Total Organic Carbon (TOC), Total Nitrogen (TN), POs*, NO2, NO3", copper (Cu) and
lead (Pb).

In terms of pH and ORP (oxidation/reduction potential) analysis was made in the laboratory
with the device Multi 3430 (WTW). After calibrated, this device was connected to a probe
that was introduced into each sample to get the results. After each sample was analyzed
the probe was cleaned with deionized water to eradicate any contamination of the sample
and to reduce the risk of misinterpretation or error.

For the Ammonia ( NH4") ions the methodology of Indophenol was followed and consists of
the preparation of two solutions, one alkaline solution and one dyeing solution. The alkaline
solution is made of 16g of NaOH (sodium hydroxide) that is dissolved in 250 mL of deionized
water plus 1g of sodium dichloroisocyanurate dihydrate (CsN3;OsCL.Na;H-0) that was added
after the solution reached room temperature following a period of incubation. After this
dissolution, the solution is stored in a dark glass container inside the fridge to preserve its
characteristics.

In the case of the dyeing solution preparation, the procedure is to dissolve 65 g of sodium
salicylate and 65 g of trisodic citrate dihydrate (NazCe¢HsO7 2H2O) in a 500 ml graduated
flask then add 0.475 g of sodium nitroprusside. After complete dissolution, complete up to
a volume of 500 ml. Keep in a dark bottle in the fridge to preserve its characteristics, same
as the alkaline solution.

Having these two solutions and the samples the procedure continues by using 10 mL of the
water sample filtered with a 45 pum filter + 2 mL of the dyeing solution and 2 mL of the alkaline
solution. To this, some deionized water was added to complete 25 mL of the prepared
sample for further analysis in the Agilent Technologies Cary 60 UV-Vis spectrophotometer
with a wavelength of 655 nm. The blank samples were just tapped water as comparison
samples.

Total organic carbon (TOC) and total nitrogen (TN) were measured by the Primacs SERIES
TOC analyzer (Skalar, Dutch). This device provides accurate analysis because it contains a
large autosampler that can analyze large batches of samples. These samples are introduced
vertically into the analyzer and then exposed to high temperatures ranging from 750-950°C
in the reactor where all the bonded nitrogen is converted into NO (Nitric Oxide) and the total
inorganic Carbon is oxidized and converted to CO,. The machine then catches these
particles and they are directed into a detector that uses infrared light to measure. The total
organic carbon is measured by subtracting the inorganic carbon from the total carbon.
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The PO,*, NO2, NOs analysis was conducted using the 883 Basic IC plus (Metrohm,
Switzerland) that is used to identify ions by separating them based on their charge, with this
technique is possible to measure the concentration of a specific ion in water samples. The
device works first pumping a small volume of the sample, through a column of packed
particles and the retention time is recorded as the time it takes for the ion to pass through
this column.

The metals of interest for this study, Cu and Pb in water, roots, shoots, and substrate were
analyzed by the ICP-MS method (Inductively Coupled Plasma Mass Spectrometry).

In the case of the plant samples and substrate analysis, the process starts with the digestion
of the samples in HNO3/HCI (1/3 v/v) at 210°C that takes place on a heating plate for 12 h.
The samples were diluted to 50 mL with deionized water and then filtered through a 0.22
pum filter. When this process of digestion is finished the samples are placed in centrifuge
tubes and adjusted to 45 mL with deionized water from the Milli-Q® system.

For the analysis of Total Carbon (TC) and Total Nitrogen (TN) in plants, the dry plant
samples were analyzed by the PrimacsSN analyzer (Skalar, Dutch).

4. Results

4.1, AMF Colonization

The analysis of the AMF colonization provides two results, the first one was the M(%) or the
intensity of the mycorrhiza colonization in the root system. These results show that the
highest M(%) was found in the M_P1 with a value of 43.89%, this resulting from the first set
of experimental systems that were not treated with metals but there is a difference in the
values from the first and the third set of experimental systems M_P3, this could be caused
by differences in the conditions of that exact environment or during the inoculation probably
there was a slight variance in the amount of mycorrhiza or it could be caused by a high
concentration of P in this CW. Comparing the first two sets of systems the values were
relatively similar providing a base for the understanding and comparison with the systems
that were treated with metal-polluted waters during their cycle.

Taking into account these values and differences the results clearly show a reduction of
38.82% in the M(%) for the first set of systems treated with wastewater polluted with metals
and other compounds previously mentioned above in Table 1, for the second set of systems
the difference in the M(%) was 39.99% and for the third set of systems the reduction was
42.31% the most considerable one. Knowing these results is possible to say that the
presence of different pollutant compounds in the waters affects the intensity of the
mycorrhiza colonization in the root system.
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Table 2: AMF Colonization intensity in root system, mean values with standard deviation

M (%) = Intensity of the Mycorrhiza colonization in root system

M_P1 M_P2 M _P3 M_P1 HM |MP2HM | M P3 HM

43.89+2.04 | 41.941.91 | 32.1+3.51 26.85+1.22 | 25.14+2.08 | 18.51+0.76
Source: Author

The A(%) or Arbuscule abundance in the root system showed a behavior similar to the M(%)
where the first two sets of experimental systems had a higher percentage value compared
to the third one. In this case, the A(%) from the first set M_P1 of experimental SSVF CW
presented a higher value than any other system with 10.36%, the second with 6.3% and the
third system registered 3.78%. The differences between these values were repeated in the
results from the systems that were treated with the simulated sewage water. The presence
of pollutant particles of Cu, Pb and others, affected the % of arbuscule abundance in the
root system. The difference in the A(%) from the non-treated system 1 to the treated system
M_P1 HM was 59.12%, M_P2 to M_P2_HM was 46.22% and 54.64% for the last set of
treated systems.

Table 3: Arbuscule abundance in the root system

A (%)= Arbuscule abundance in the root system
M _P1 M P2 M P3 M _P1 HM | M_P2 HM | M_P3 HM
10.36+1.90 | 6.3£1.67 | 3.78+0.40 | 4.24+0.87 | 3.39+1.19 | 1.71+0.93
Source: Author

Plot 1: M(%) Intensity of AMF colonization

Intensity of the Mycorrhiza colonization
in root system

M(%)

M_PL M_P2 M_P3 M_P1L_HMM_P2_HMM_P3_HM
EXPERIMENTAL SYSTEMS

Source: Author
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Figure 5: AMF Colonization

Source: Author

The above presented images are the final result of the dyeing process to analyze the AMF
colonization. The first image presents the root segment without any inoculation of AMF, the
second image shows the root segment with the AMF inoculated represented by this
conglomeration of oval-shaped spots, this fungus is attached to the roots in a symbiotic
relationship. The third image in the bottom part shows the presence of the AMF attached to
the root segment but in a less amount, this due to the addition of water mixed with different
compounds that represent sewage water where there is a concentration of Cu and Pb

particles that changes the properties of the environment reducing the number of
mycorrhizas.
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4.2. Metal concentration distribution in SSVF CW

This analysis was made by the assessment of the concentration of metals in different parts
of the experimental SSVF CW, the substrate, plant roots and shoots in order to understand
how these pollutant particles are distributed in the systems.

Table 4: Concentrations of Cu and Pb in the plant’s roots

Experimental
System Cu (mg/kg) | Pb (mg/kg)
NM_P1_HM 1140.72 67.43
NM_P2_HM 1054.89 54.63
NM_P3_HM 1131.95 65.48
M_P1_HM 2339.53 109.78
M_P2_HM 1249.60 55.21
Plant root M_P3_HM 1238.45 70.46

Source: Author

Plot 2: Cu and Pb concentration in roots
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The results shown in Table 4 where NM_P1 HM means No Micorrhiza P1 Heavy Metal
treated water and M_P1 HM means Mycorrhiza inoculated system with heavy metal
polluted water, so, thanks to this information is possible to understand that in the systems
with the presence of the mycorrhiza there is a slight increase in the concentration of both
metals of interest Cu and Pb. This can be considered as a way to enhance the plant uptake
of compounds from water and soil demonstrating that the AMF inoculated plants have a
better performance in terms of uptake rates than the plants without this symbiotic
relationship.
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The difference in the concentration of Cu from the plant root in the first system without
mycorrhiza and with mycorrhiza was 1198.82 mg/kg that represents an increase in the
concentration of Cu in the root with mycorrhiza of 51.24% that is a considerable amount
compared to the other two systems, that also presented an increase in the concentration of
Cu due to the presence of mycorrhiza with 194.71 mg/kg and 106.50 mg/kg or an increase
of 15.50% and 8.60% respectively.

The Pb differences have a similar behavior where the first system with the presence of
mycorrhizas had an increase of 42.38 mg/kg or 38.57% compared to the one without this
fungus. The same happened with the other systems but the difference was not as high
showing an increase of 0.57 mg/kg and 4.98 mg/kg or in terms of percentage this means a
1.04% and a 7.07% of increase respectively for systems P2 and P3.

Table 5: Concentration of Cu and Pb in plant shoots

Experimental
System Cu Pb
NM_P1_HM 183.48 52.48
NM_P2_HM 296.69 69.83
Plant shoot NM_P3_HM 296.56 81.06
(mg/kg) M_P1_HM 337.93 73.42
M_P2_HM 238.78 62.03
M_P3_HM 182.06 64.06
Source: Author
Plot 3: Cu and Pb concentration in plant shoots

Plant shoots Cu
concentration
400

200
100

Q\,/ Qﬁ,/ Q’b/ Q\,/ Qq,/
é@/ é@/ %Q/ @/ @/

Cu concentration mg/kg

Experimental system

S & & & & &

Plant shoots Pb
concentration

0o
javd
=
of
€
c 80
2
S 20
c 0
8
@3’5 _g @3'»/ @3’1// @3"3/ @3'»
RN

Source: Author

3
@/

Experimental system

S

N
@/

\/2§\

The behavior of the concentrations of Cu and Pb in the plant shoots was similar just for the
first system where there was a considerable difference in the concentrations due to the
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presence of mycorrhizas resulting in a difference of 154.45 mg/kg for Cu and 20.94 mg/kg
for Pb or what it represents a difference of 45.7% and 28.52% respectively for Cu and Pb.

For the second and third experimental systems the behavior was completely different,
instead of experiencing an increase in the concentration of Cu and Pb in the plant shoots
there was a decrease in the systems with mycorrhiza. For Cu inthe M_P2_HM there is 57.90
mg/kg or 19.51% less concentration than in the system without mycorrhiza, same talking
about Pb where there was a decrease of 7.8 mg/kg or 11.17%. The third system M_P3_HM
presented similar results with a decrease in the concentration of Cu and Pb in plant shoots
of 114.49 mg/kg or 38.60% and 16.99 mg/kg or 20.90% for Cu and Pb respectively. This
behavior shows that the metals in the plant travel more freely when they are not inoculated
with mycorrhizas and that this fungus retains somehow a part of these pollutant particles.

Table 6: Cu and Pb concentration in substrate

Experimental
System Cu Pb
NM_P1_HM 45.51 10.27
NM_P2_HM 50.18 12.85
Substrate NM_P3_HM 67.70 19.34
(mg/kg) M_P1_HM 107.73 17.61
M_P2_HM 49.02 9.28
M_P3_HM 54.68 11.90

Source: Author

Plot 4: Cu and Pb concentrations in substrate
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About the analysis of the concentrations of Cu and Pb in the substrate, the behavior of these
pollutant particles was similar than to the shoots analysis where the M_P1_HM system
presented a higher concentration of both Cu and Pb but for M_P2_HM and M_P3_HM the
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concentrations were lower than in the no mycorrhiza presence that can be considered as
the difference of the pollutant particles that were retained by the plant-AMF association.

4.3, Removal of Cu and Pb from wastewater

This analysis started on September 16™ and went until November 15" and it consisted of
the addition of wastewater simulating sewage wastewater and through this method, it was
possible to monitor the inlet concentration of the pollutant particles and the outflow
concentration of metals and other compounds, so, every 5 days the outflow water was taken
from the systems and then analyzed.

It is worth mentioning that every day that the systems were emptied from the water they
have then filled again with the same 1.5 L described in the methodology section, this
wastewater that was introduced into the systems was also monitored to know the initial
concentration of Cu and Pb to compare these concentrations from inflow to outflow water
through the systems.

4.3.1. Cu particles removal in SSVF CW
Plot 5: Cu concentration in experimental systems
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Table 7: Mean concentration of Cu in the systems and in inflow wastewater

Mean Cu concentration (mg/L)
Inflow NM P1 HM | NM P2 HM | NM P3 HM | MP1 HM | M P2 HM | M P3 HM

25.35+1.545 | 0.21+0.093 | 0.21+0.127 | 0.17£0.085 | 0.10+0.060 | 0.09+0.046 | 0.09+0.041
Source: Author

The results from the Cu concentration in the systems showed that the highest concentrations
were registered in the systems that did not have any presence of AMF also from these
NM_Px_HM systems at the beginning of the experiment until October, NM_P1_HM
presented the highest concentration of Cu but from the samples taken at the end of October
until the end of the experiment or November 15 the NM_P2_HM presented the highest
values.

The systems that had the AMF and plant symbiotic relationship presented a similar behavior
between each other through the whole experiment except for the last sample taken on
November 15 where the values had a considerable difference. The samples were registering
higher values and this behavior can be influenced by the temperatures or other external
parameters.

Due to the different volumes obtained as outflow in each sampling day, it was necessary to
calculate the mass removal efficiency by multiplying the inflow concentration by the volume
introduced to the system in this case 1.5L then from this value the multiplication of the
concentration in each system timed the outflow volume, was subtracted. This value is
multiplicated by 100 and then divided by the inflow concentration times the inflow volume
(a.5L).

Plot 6: Cu mass removal efficiency (%)
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Table 8: Mean Cu removal efficiency (%) in each system

Mean Cu removal (%)
NM _P1 HM | NM P2 HM | NM P3 HM | M P1 HM | M P2 HM | M P3 HM
99.87+0.07 | 99.90+0.05 | 99.89+0.05 | 99.93+0.03 | 99.92+0.04 | 99.91+0.06
Source: Author

Having the mass removal efficiency calculated is possible to assess the efficiency of Cu
removal from wastewater because from the initial concentration of the inflowing wastewater
these particles were included in the uptake by the plants. In this research, the efficiency
results were high ranging from 98.7% to 99.97% showing favorable results.

In terms of efficiency in most of the cases, the systems that presented mycorrhizas were
more efficient compared to the ones without it, this behavior was constant during all the
sample analysis except for the one made on October 11" because it shows that the systems
NM_P1 HM and NM_P3_HM had a higher removal efficiency than any other, even more
than the systems with mycorrhizas. From the samples taken on October 16" until the end of
the experiment the difference in the efficiency of NM_Px_ HM and M_Px _HM is more
noticeable but in general terms with such high efficiency of removal this difference of 0.5%
is not considerable, only if the comparison is made between no mycorrhiza and the systems
with the presence of this fungus.

4.3.2. Pb particles removal in SSVF CW

Table 9: Pb concentration in each system and in inflow wastewater

Pb concentration (mg/L)

Inflow NM_P1_HM |NM_P2_HM |NM_P3_HM |M_P1_HM |M_P2_HM | M_P3_HM

4.85+0.59 | 0.0082+0.003 | 0.0054+0.002 | 0.0074+0.002 | 0.0057+0.002 | 0.0061+0.002 | 0.0058+0.002

Source: Author

In Table 9 mean values of inflow wastewater and mean values of Pb concentration in each
experimental SSVF CW are expressed with each respective standard deviation of the data
and a considerable difference is shown between the concentration of Pb in the inflow water
and the concentration of Pb in the outflow water from each system.
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Plot 7: Pb concentration in experimental SSVF CW in mg/kg
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In this analysis of the concentration of Pb in the outflow water on each system, the results
are more varied compared to the ones of the Cu concentration, in this case, there are
different interesting data such as the first half of the samples, the ones that were taken from
September 16™ to October 16™ had a strange behavior showing in some cases higher
concentrations of Pb in outflow water in the systems which had mycorrhizas for example in
the sample taken in September 215 where the M_P1_HM and M_P2_HM presented higher
concentration than their counterpart systems without mycorrhiza presence. Something
similar occurred in samples taken on September 26™ and on October 16".

From the samples taken on October 215 the sample corresponding to NM_P1_HM had an
odd behavior with the most concentration of Pb in the whole experiment and also the
samples of outflow wastewater presented the behavior in which the systems treated with
mycorrhizas had a higher concentration than the ones without it. This behavior was repeated
throughout the second half of the samples taken and analyzed. This performance of the
systems comparing it to the Cu ones had a different distribution which allows us to infer that
both pollutant metals behave differently in these environments and is influenced by the
conditions in each experimental system.
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Table 10: Pb removal efficiency mean values and standard deviation

Pb removal efficiency (%)
NM_P1_HM | NM_P2_HM | NM_P3_HM | M_P1_HM M_P2_HM M_P3_HM
99.87+0.075 | 99.90+0.052 | 99.89+0.058 | 99.92+0.034 | 99.92+0.042 | 99.91+0.059
Source: Author

Table 11: Pb removal efficiency in %
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Regarding the efficiency data of Pb mass removal, the lowest value was 99.7% and the
highest was 99.99% showing that de difference is small and that there is a positive result in
the treatment of wastewater polluted with metals in this case Cu and Pb. The distribution of
this data had a bigger variance but it is not too considerable because it is just a difference
of 0.2% and the efficiency of the removal was more than 99%.

In most of the samples taken the highest efficiency can be found in the systems with
mycorrhizas but there are different examples where the result is different such as the
NM_P1 HM and NM_P3_HM samples taken on October 10" and showing a similar
performance, the system of NM_P2_HM from the analysis of the sample taken on
September 16" had a higher efficiency that its counterpart even without the presence of
AMF.

The efficiency of mass removal of pollutant metals from wastewater using SSVF CW was
considerably high in the ranges higher than 95%, indeed they were more in the 99% range,
this could also be thanks to the AMF symbiotic relationship and this though is based in the
higher efficiency of removal showed by these systems even considering the values that were
not following this behavior.
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In both analysis of Cu and Pb mass removal, it was found that the systems with AMF
colonization had a better performance compared to the experimental systems without any
fungus presence, these results are more consistent in the Cu analysis because from all the
samples taken throughout the experiment there was just only one that presented a different
behavior.

In terms of Pb removal analysis the majority of the sample analysis the AMF inoculated
systems had a higher efficiency in the removal, however, more samples expressed different
information showing that the systems without AMF had a higher removal efficiency of Pb
compared to the ones with mycorrhizas.

Taking into account the small variances, this information in terms of removal of metals from
wastewater using subsurface vertical flow constructed wetlands is not considerable due to
the positive results showing that the AMF influences the efficiency of the treatment systems.

4.4. Water parameters analysis

Besides the previous analysis of each sample, other parameters were also measured in
order to control or have a record of all the characteristics of the water both in inlet and outflow
wastewater, parameters such as pH, ORP, Ammonium-N, TN, TOC, Nitrate-N, TC and
Phosphate.

4.4.1. pH
The data related to the pH shows that all the water samples taken registered pH values
ranging from 7.05 to 7.32 with the minimum being the sample corresponding to the system
M_P2 with mycorrhizas but without heavy metals in its inlet water and the maximum pH
value registered were the sample corresponding to NM_P2 HM that means the system
without mycorrhizas and with inlet water polluted with Cu and Pb.

Even with all the compounds described in Table 1 the pH in all systems was somehow
constant just showing a variance of 0.27 in the pH levels being a parameter that didn’t
influence considerably the reactions inside each system allowing the normal behavior of
particles and microorganisms.

Table 12: pH in outflow water from each experimental system

pH
NM P1 NM P2 NM P3 NM P1 HM | NM P2 HM | NM P3 HM
7.07+0.18 | 7.1440.03 | 7.07+0.11 | 7.22+0.10 7.32+0.14 7.30+0.08
M _P1 M _P2 M _P3 M _P1 HM M P2 HM | M P3 HM
7.12+0.07 | 7.05+0.11 | 7.11+0.09 | 7.2040.05 7.16+0.06 7.22+0.07

Source: Author
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Plot 8: pH from outflow water
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4.4.2. Oxidation-Reduction Potential
Table 13: ORP mean values from all experimental systems
Oxidation-Reduction Potential (mV)

NM P1 NM P2 NM P3 NM P1 HM NM P2 HM NM P3 HM
205.77+£33.5 206.8217.41 209.51422.59 | 222.51+£21.08 | 228.18+24.27 | 239.64128.22

M P1 M P2 M P3 M P1 HM M P2 HM M P3 HM
234.52+28.49 | 232.85126.52 | 236.66+37.40 | 252.56+36.30 | 265.59+37.85 | 266.8142.31

Source: Author

The ORP represents the capacity of a solution for electron transfer this means that there are
oxidation or reduction chemical reactions and one cannot occur without the other one. It is
measured in millivolts when an inactive chemically electrode made out of metal is introduced
into a solution where a redox reaction is happening, an electric measurement appears in the
electrode and this is called ORP or redox potential (Banhidi, 2001).

This measurement could take up to several minutes if not hours because the equilibrium
needs to be reached and there could be different types of reactions at different rates and
this behavior is influenced by the metal surface condition and it can differ from electrode to

electrode (Zhang & Lin, 2020).

37



Environmental Geosciences
Department of Applied Ecology
Carlos René Cardenas Mufoz

Czech University of Life Sciences Prague
- Faculty of Environmental

Sciences

Plot 9: ORP mean values for each experimental system
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In this research, the ORP or Redox potential or just Eh was measured in all the samples
taken from September 8™ to November 15" obtaining the results shown in table 13 where
the highest value of 266.80 mV was registered in the samples taken from the system with
the presence of mycorrhizas and treated with the wastewater with heavy metals (M_P3_HM)
and the lowest value of 205.77 mV registered in the mean of the set of samples from the
experimental system without any AMF colonization and heavy metals in its water outflow
NM_P1. The results of the ORP measurement were consistent only fluctuating for 61.03 mV
but considering the activity of the pollutant particles, the highest values registered were from
the systems with mycorrhizas and treated with heavy metal polluted wastewater, this is the
proof of the activity of all the chemical reactions inside these systems.

4.4.3. Ammonium- N (NHs") Removal

Table 14: NH4 mean concentration values (mg/L)

NH4 mean concentrations
NM P1 NM P2 |[NMP3 |NMP1HM | NM P2 HM | NM P3 HM
0.23+0.22 | 0.41+0.24 | 0.4810.38 | 1.97+1.67 2.23+1.67 | 2.12+1.68
M _P1 M P2 M P3 M P1HM |MP2HM |M P3HM
0.2940.07 | 0.260.27 | 0.46+0.44 | 0.72+0.62 | 0.78+0.61 | 0.83+0.65

Source: Author
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Plot 10: Ammonium concentrations (mg/L)
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From the results shown above in Plot 10 is possible to infer that the samples that presented
a higher amount of ammonium were the ones taken from October 16" to November 15",
also, from these results the samples with a higher concentration of ammonia were the ones
without mycorrhizas compared to the experimental systems with mycorrhizas. The behavior
of these data in this comparison between systems with AMF and without it demonstrates
that the addition of the simulated sewage wastewater had an important impact in the
concentrations of NHs" where the values were at least twice as high as the results of the
systems without wastewater inflow.

The mycorrhiza presence reduced the concentration of ammonium where the highest
concentration was 1.89 mg/L related to the M_P3_HM system this means the system with
mycorrhizas, the third treatment of phosphorous or with a proportion of 1:10 in N:P rates
and treated with wastewater that simulates sewage water. The highest value from the
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experimental systems without mycorrhizas registered a value of 5.03 mg/L corresponding
to NM_P2_HM or the systems that didn’t have mycorrhiza presence, treated with the second
phosphorus treatment (1:5 in terms of N:P ratio) and with polluted water in it. The difference
was 3.14 mg/L that is a considerable fluctuation in the efficiency of the systems.

The values that behaved differently such as the M_P3 and M_P2 had an unexpected value
even being systems that were not treated with the polluted wastewater, this can be caused
by different factors in the sampling process or in the laboratory analysis. The removal
efficiency was above 90% in most of the cases but there were measurements of low
efficiencies under 20%.

4.4.4. Total Nitrogen

The total Nitrogen was measured in each sample during the whole experiment and the
results were the following

Plot 11: Total Nitrogen concentration in mg/L
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From the results showed above in plot 10 where the total nitrogen or TN was measured in
all the systems, the ones without any mycorrhiza presence showed higher concentrations
presenting values of up to 44.45 mg/l in the experimental system NM_P3_HM, this behavior
is probably influenced by the addition of wastewater. For the results of the measurements
of TN in the systems with mycorrhizas, the highest concentration value was 31.58 mg/L that
belongs to the M_P2 HM. The data follows a logical behavior where the systems treated
with wastewater presented a higher concentration of TN compared to the systems that didn’t
have wastewater as inlet water, furthermore the difference in the concentrations between
the presence of AMF and no AMF shows that there is an influence of the AMF in the
concentration of TN in the outflow water. The same behavior was present in the removal
efficiency of these systems, the highest removal efficiency was 86.47% and the system
responsible had mycorrhizas but it was not treated with wastewater, from the systems
treated with wastewater the highest removal efficiency was 70.86% and it had AMF
colonization, the difference between the efficiencies of the systems treated with wastewater
and presence of mycorrhiza and their counterparts without AMF colonization was 11.84%
being this an indicator on the influence of AMF in the TN removal from wastewater.
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4.4.5. Total Carbon
Plot 12: Total Carbon concentration (mg/L)

Total Carbon concentration (mg/L)

80

0 |“ “ |“ “ |“ “ |“ “ |“ “ |“ h ||‘ h ‘“ h ‘“ h |“ h |“ |‘ |‘| |‘ |‘| h “| h

9.16 9.21 9.26 101 106 10.11 10.16 10.21 10.26 10.31 115 11.10 15.11

6

o

4

o

2

o

ENM_P1 ®mNM_P2 ®mNM_P3 ®mNM_PLHM ®NM_P2_ HM ®NM_P3_HM

Total Carbon concentration (mg/L)
120
100
80
6

o

4

o

2

o

9.16 921 9.26 101 10.6 10.11 10.16 10.21 10.26 10.31 115 11.10 15.11

o

EM P1 EM P2 EM_P3 ®mMPIHM EM_P2HM ®EM_P3_HM

Source: Author

The measurement of total carbon concentration values shows that the systems with no
presence of mycorrhizas had a slightly higher concentration compared to the systems with
AMF colonization in general but the measurement of M_P1 HM, M_P2 HM, M_P3_HM
presented the highest concentration of total carbon with 112.04 mg/L even with mycorrhizas
in their systems. The behavior of the rest of the SSVF CW with mycorrhizas was more
regular or similar between each other but there is an interesting performance in the M_P1
in all the samples because in most of the cases its concentration of TC is the highest even
greater than the CW treated with polluted wastewater. Analyzing the mean values from all
the sample sets (days of sampling) the difference between no mycorrhizas CW and the ones
with AMF colonization is 5.81 mg/L that means that the AMF has not a distinct influence in
the removal of TC from wastewater. The mean efficiency of the experimental CW in the
removal of TC from wastewater is 64.80% in the systems without the presence of
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mycorrhizas and 73.92% for the systems that had AMF activity, this means a difference of
9.12% in the performance of these experimental systems in the removal of TC.

4.4.6. Total Organic Carbon
Plot 13: Total organic carbon concentration (mg/L)
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Results from TOC concentration measurements showed that the experimental CW with no
mycorrhizas and treated with polluted wastewater had the highest values this one being
18.95 mg/L belonging to NM_P1 HM experimental system, there are some irregular
behaviors in the CW that didn’t have mycorrhizas such as the NM_P1 from the sample taken
in September 21 that presented higher concentrations of TOC than the systems which were
treated with wastewater and similar results were obtained in the samples taken on
September 8" and October 11"". Regarding the results obtained from the measurement of
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TOC from the CW that had mycorrhiza presence, the behavior of the data was more regular
but it also showed some results of interest because some systems that were not treated with
wastewater presented higher concentrations of TOC than the ones with polluted wastewater
such as the samples taken on September 8" and on October 11" but in the majority of the
cases the CW with mycorrhizas and treated with wastewater had a higher TOC
concentration.

The average TOC concentrations of the CW with no mycorrhiza presence was 10.26 mg/L
and the mean of the concentrations of TOC corresponding to the systems with AMF in them
was 7.14% so the difference in the concentrations was 3.12 mg/L, this just considering the
performance of the mycorrhizas in the removal of TOC from polluted wastewater. The
highest efficiency in the removal of TOC from the wastewater was 92.89% corresponding to
the CW with mycorrhiza and a ratio of N:P of 1:5, the highest removal efficiency from the
systems without mycorrhizas and treated with wastewater was 87.97% that belongs to the
CW with a ratio of M:P of 1:10, and the difference between this two was 4.92%.

4.4.7. Phosphate

In this experiment, three different inflow water was added with three different concentrations
of P to assess the influence of P and its different rates in the removal of heavy metals. The
first P treatment had average concentrations of 5.03 mg/L, the second P inflow had average
concentrations of 11.03 mg/L and the last P inflow recorded average concentrations of 24.95
mg/L. This is the reason why in the results there are three different experimental systems
for no mycorrhiza, no mycorrhiza, and wastewater addition, mycorrhiza, mycorrhiza and
wastewater inlet.

Plot 14: P concentration (mg/L)
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The highest concentrations were found in the CW without the presence of mycorrhizas and
had wastewater added and the greater value from these was 10.14 mg/L corresponding to
the NM_P3_HM sample from November 11", the behavior of the data was consistent in
terms of the highest concentration showed always by the CW with no mycorrhiza and with
the highest pollution of P added. Regarding the values presented by the CW with
mycorrhizas, the behavior was similar where M_P3_HM had the highest value of 7.31 mg/L
but there were some unexpected results as the ones from November 5", 11" and 15" where
the CW M_P3 showed more concentration of P than the systems with the wastewater
addition where the expected behavior was that the concentration of this system should be
less than the one with wastewater in it.

Comparing the results between the CW with mycorrhizas and the ones without them, the
second ones had lower concentrations in general where the highest value registered was
5.73 mg/L coming from the M_P3_HM, the highest concentration found in the systems
without AMF colonization was 8.28 mg/L. This result shows the influence of the AMF in the
removal of P from the wastewater with an efficiency of 83.5% for the first P concentration,
82.78% for the second P concentration and 83.76% for the highest P concentration. The
results of the efficiency from the CW that didn’t have mycorrhiza and were treated with the
different P concentrations in the inflow wastewater, were 50.73%, 68.59%, 76.10% for the
corresponding P concentrations of inlet water. These last three efficiencies reflect the
efficiency of the SSVF CW systems in the removal of P particles from wastewater without
the influence of AMF colonization.
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5. Discussion

This research focused on the evaluation of the influence of AMF in the removal of heavy
metals and other parameters such as Ammonium (NH4*) or phosphorus in addition to the
influence in the metal’s distribution in the plant roots, shoots and the substrate. Furthermore,
the analysis of the effect of different N:P ratios in the colonization of AMF in SSVF CW and
the efficiency on the removal of the metals Cu and Pb from polluted wastewater.

5.1. Effect of different N:P ratios in AMF colonization

Understanding the differences of the intensity of mycorrhiza colonization and arbuscule
abundance in the root system at different N:P ratios allows to assess the effect of these
different proportions of N:P in the development of AMF association, therefore the procedure
was to treat the CW with different ratios of the abovementioned parameters to compare the
behavior of the occurrence of AMF in systems with and without wastewater.

The results expressed that the CW with mycorrhiza and with a ratio of 1:1 of N and P had
the highest intensity of mycorrhiza colonization or M(%) of 43.89% but the experimental
system treated with the ratio of 1:10 of N and P got a M(%) of 32.08%, same as the systems
where the wastewater was added showing that the CW with a N:P ratio of 1.1 had the highest
M(%) with 26.85% than the other two CW’s with a different proportion of Nitrogen to
Phosphorus of 1:5 and 1:10 that got 25.14% and 18.51% M(%) respectively. The results of
the A(%) or arbuscule abundance in the root system showed the same nature as the ones
of M(%) where the CW without the treatment of wastewater and a N to P ratio of 1:1
presented the highest arbuscule abundance with 10.36% and it got lesser and lesser with
the addition of P to the systems being 6.3% and 3.78% respectively in systems with N:P of
1:5 and 1:10, a behavior similar to the one registered by Merlin et al. (2020) where the
researchers found that the addition of P reduces the AMF colonization in plant roots
demonstrating that the increase in the nutrient availability and uptake of P especially,
replaces sometimes the AMF effect or impact in the plant development (Smith & Smith,
2012). The P availability in high concentrations frequently reduces the spore formation
hence the root colonization by AMF is also decreased impacting the plant growth even
knowing that the P is an important element in plant development (Lermen et al., 2017).

The AMF symbiosis functions are determined by the N and P availability and their
stoichiometric ratios, this, according to Johnson et al. (2015) who found that the mutual
paybacks were mostly predictable when the contents and availability of N were high and the
ones of P were low in the environment. Yu et al., (2020) found that AMF had an important
influence in mediating the plant community diversity in environments with lower P
concentrations, moreover, the limitation on the availability of N causes a higher rate of
colonization of AMF promoting a higher uptake of N and plant growth, an inverse effect than
the one of P where the mycorrhizal growth or population response was due to increased P
allocation in the aboveground biomass meaning that there is less P in the substrate or water
enhancing the production of spores (De Vries et al., 2011).
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5.2. Effect of different N:P ratios in the distribution of metals in CW

From the results of the analysis of metal concentration distribution in SSVF CW the behavior
of metals in the wetland distribution was that most of the concentration of metals was found
in the roots of the plants. The different N:P ratios showed that the systems had a different
behavior regarding the Cu and Pb concentrations in the experimental systems for example,
the M_P1 HM presented the highest concentration of Cu with 2339.54 (mg/kg) compared
to the other two systems that were treated with a higher concentration of P thus an increased
P availability. A similar nature in the results from the analysis of Pb particles in the roots of
the plants of I. Pseudacorus where the highest concentration (109.78 mg/kg) was present
in the M_P1 HM experimental system.

The tendency of the results in showing that the experimental systems with the less N:P ratios
difference presented the highest concentration of Cu and Pb not only in the roots but also in
the plant shoots and in the substrate, this demonstrates that the P availability affects the
uptake of nutrients and other patrticles like, in this case, the pollutant particles of metals Cu
and Pb where the CW with higher ratios of N:P reduces the rates of particle uptake from
plants due to the lesser presence of AMF and its symbiotic relationship with the plants
(Bostic & White, 2007; Reddy et al., 1999).

In the experimental systems where there is no mycorrhiza presence and they were treated
with polluted wastewater and different N:P ratios, the concentrations of Cu were mostly
found in the roots of the plants, then, in the plant shoots and finally with the less
concentration found in the CW substrates. The fluctuation between the different N:P ratios
and the concentrations in each part of the experimental systems and plants was significant
for example the maximum difference in the Cu concentrations in the roots was 7.54%, in the
shoots was more considerable with 38% and in the substrate was 32.83%. The highest
concentration found in the plant roots was with the N:P of 1:1, in the shoots the highest ratios
of 1:5 and 1:10 got the same concentration of 296 mg/kg and in the substrate the highest
concentration of Cu was found in the system with a 1:10 ratio of N to P. The highest
concentration of Pb in the experimental systems without mycorrhizas was found in the plant
shoots in the system with the highest N:P ratio of 1:10 followed by the plant roots where the
concentration of Pb was similar in all three different N:P ratios. The results were similar to
the ones found by Vymazal & Bfezinova (2015) where the highest metal concentrations in
plants from wetlands, in that case P. Australis, were registered in the roots of the plants and
also Vymazal et al. (2009) explained that the standing stock or total storage of a substance
in a particular compartment, is higher in the belowground biomass (roots) comparted to the
aboveground biomass but due to the poor development of roots in constructed wetlands that
are heavily loaded with pollutant particles, the higher concentrations of metals in roots
perhaps could not result in an increased standing stock comparing it with the aboveground
biomass (Bonanno & Lo Giudice, 2010).
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5.3. Influence of AMF under different N:P ratios in the removal of

Ammonium (NH4*-N) and Phosphorus (POa -P)

From the results of the experiment related with the systems that presented mycorrhizal
associations, in the removal of ammonium and phosphorus (P) compared to the
experimental systems without mycorrhiza and under different N:P ratios, the efficiencies of
removal increased with the mycorrhizal activity but the impact of the different N:P ratios
resulted in a decrease of the efficiencies of the experimental systems.

In wetlands there are different mechanisms for the removal of N from wastewater such as
nitrification, denitrification, volatilization and adsorption or plant uptake; these mechanisms
depend on different parameters to work properly for example: nitrification requires an
aerobic environment to be performed by bacteria, denitrification takes place in anoxic
conditions, volatilization happens when the ammonia in the water is volatilized to gas at the
air/water interface and then it is released into the air but it needs high pH levels of 9.0 and
above (Gu et al., 2021; Z. Hu et al., 2019; Lu et al., 2020).

The ammonium removal results showed that in general the presence of the AMF enhanced
the removal of this nutrient from the wastewater presenting an efficiency higher than 60% in
the comparison of the systems treated with wastewater and the differences were the
presence of AMF and the N:P ratios that were changing (P1=1:1, P2=1:5, P3=1:10). The
experimental CW with the first ratio of N:P presented an efficiency of the removal of 63.45%,
the CW with the second N:P ratio showed an efficiency in the removal of 65.02% and lastly
the CW that had the third N:P ratio resulted in an efficiency of 60.84% being the least
effective one in the removal of this nutrient. These efficiencies were similar to the ones
experienced by Thalla et al. (2019) in their research where their CW obtained a minimum of
67.19% and is also one proof that the SSVF CW is more efficient than any other constructed
wetland system in the removal of NH4" but this also depends on other factors such as the
plant species because they differ in their preferred nitrogen forms to be absorbed and also
depends on the forms available N in the water and soil (Kadlec & Wallace, 2009).

Phosphorus removal in subsurface flow wetlands can be performed by different mechanisms
but it is mostly influenced by physicochemical characteristics of the used substrate (Brix &
Arias, 2005) but the soluble part of the P will be transported by the water flow and the P
attached to particulate matter will be removed in a filtration and interception process in the
wetland bed (Kadlec & Wallace, 2009). In this research the efficiencies of P removal in the
form of PO4-P were higher in the experimental systems which had AMF colonization in them
compared to the systems without it, showing that the first system which had AMF presence
in it and treated with a N:P of 1:1 was 83.5% and for the CW with ratios of 1:5 and 1:10 the
efficiencies were 82.78% and 81.76% respectively. The difference in the efficiencies of these
systems let us infer that the influence of AMF in the removal of P was higher by 32.76, 14.18
and 5.65% compared to the systems without AMF colonization, but the efficiency decreases
when the ratio of N:P changes from 1:1 to 1:5 and finally 1:10. In previous researches
performed by Hu et al. (2020) was demonstrated that AMF increases the plant ability to
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uptake P, N and other micronutrients because in the inoculated plants there are more
pathways for the transport of nutrients to the plant such as the normal or direct plant uptake
and the mycorrhizal uptake pathway which is missing in the plants that were not inoculated
by AMF lacking from this ability (Blcking & Kafle, 2015).

5.4. Influence of AMF at different N:P ratios in the removal of heavy
metals from wastewater

As it is known the removal of heavy metals from wastewater through the application of
constructed wetlands is complex due to all the processes that are involved in it including
abiotic and biotic reactions or plant uptake (Batool & Saleh, 2020). There are different
mechanisms in the removal of heavy metals from wastewater in constructed wetlands such
as the adsorption to fine-textured sediments and organic matter, precipitation as insoluble
salts, absorption and induced changes in the biogeochemical cycles by pants and
microorganisms and the deposition of suspended particles as a result of low flow rates (Xu
et al., 2018). Through all these processes there is an accumulation of heavy metals in the
wetland systems thus removing these particles from the inlet water, furthermore, from the
mechanisms mentioned the microorganisms such as plant-growth-promoting rhizobacteria
and AMF play an important role in the HM removal using different metabolic properties and
complementing them with their host metabolism processes (Siani et al., 2017).

From this experiment, the results shown in the efficiencies of the removal of Cu and Pb from
wastewater, the systems which presented AMF colonization had higher efficiency compared
to the ones that did not count with this AMF symbiotic association but the difference is not
considered being the greatest of just 0.05%. The highest efficiency from the systems with
AMF inoculation was 99.92% corresponding to the system classified as M_P1_HM or the
experimental CW with treated with a ratio of N:P of 1:1 and the least efficient was the
M_P3_HM related to the experimental system with a N:P ratio of 1:10 with a mass removal
efficiency of 99.91%; the difference was just 0.017% being this a really small difference in
the Cu removal. In the Pb removal efficiency from these systems the values were similar to
the Cu removal showing exceptional results of 99.9% efficiency and the fluctuation of the
results between the different N:P ratios are just 0.01%. These results are similar to the
researches of (Huang et al., 2017),(Hussain et al., 2018), (Chen et al., 2009) where the
efficiencies of removal of Cu and Pb using constructed wetlands were between 95 and 99%
taking into account that the processes of the behavior of heavy metals in wetlands are
complex and depend on different parameters, the presence of AMF is considered to
influence the removal of HM from wastewater due to its properties of improving the
morphological and physiological status plus they promote growth and stress tolerance
protecting plant tissue (Hu et al., 2020; Xu et al., 2018).

AMF can improve the efficiency of the removal of heavy metals from water controlling the
transformation of heavy metals in roots and shoots and also AMF reduces stress caused by
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heavy metals by immobilizing this particles in the roots and the rhizosphere of the plants
avoiding the accumulation of them in the aboveground biomass (Meier et al., 2012).

6. Conclusions

This experiment showed that the different N:P ratios have a negative influence on the AMF
colonization intensity where the experimental wetlands with the highest ratio of N:P (1:10)
had the least mycorrhizal presence in their systems, moreover, the addition of the simulated
sewage water reduced the amount of AMF colonization in the systems by 17.04%.

Regarding the destiny of the heavy metals in the system, most of the concentration of Cu
and Pb was present in the roots of the |. Pseudacorus plants, this happened due to the
presence of arbuscular mycorrhizal fungi in the systems preventing the absorption to other
parts of the plant where these particles will be more harmful such as the leaves and shoots.

As researches support and this thesis demonstrate, the AMF affects the bioavailability in the
plants that act as hosts, promoting the retention of heavy metals in the roots improving shoot
biomass by the restriction of the translocation to the aboveground parts.

After testing the effect of AMF in the treatment of wastewater to remove heavy metals (Cu
and Pb), the systems showed an exceptional ability to deal with this job of the retention of
these metals improving the quality of the outlet water with efficiencies of above 95% and the
AMF had an important role in this matter due to the symbiotic relationship with the plants,
enhancing the complex processes that take place into wetlands where soil, microbiota and
plants perform their daily life cycles.

The efficiencies were decreasing when the ratios of N:P were higher due to the limitation on
the AMF colonization caused by phosphorus thus reducing the AMF population and, in that
way, reducing the tolerance of the plants to heavy metals present in their roots. Further
analysis in more adverse conditions and testing different types of metals or even different
species of AMF and plants could be done to enhance or improve these results, creating a
deeper understanding and knowledge to design an optimized treatment system.

This experiment was done under controlled conditions to be able to understand the effect of
AMF in the removal of heavy metals under different ratios of N:P in constructed wetlands
but in real life, these conditions can vary or can be affected by external factors changing the
properties of the constructed wetlands changing their processes and reducing the
efficiencies, so, the real application of these systems for the treatment of wastewater need
to be calibrated in situ to adapt the conditions of the constructed wetlands to the new external
factors.
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